In most organisms, thioredoxin (Trx) and/or glutathione (GSH) systems are essential for redox homeostasis and deoxyribonucleotide synthesis. Platyhelminth parasites have a unique and simplified thiol-based redox system, in which the selenoprotein thioredoxin-glutathione reductase (TGR), a fusion of a glutaredoxin (Grx) domain to canonical thioredoxin reductase (TR) domains, is the sole enzyme supplying electrons to oxidized glutathione (GSSG) and Trx. This enzyme has recently been validated as a key drug target for flatworm infections. In this work we show that TGR possesses GSHindependent deglutathionylase activity on a glutathionylated peptide. Furthermore, we demonstrate that deglutathionylation and GSSG reduction are mediated by the Grx domain by a monothiolic mechanism, and that the glutathionylated TGR intermediate is resolved by selenocysteine. Deglutathionylation and GSSG reduction via Grx domain, but not Trx reduction, are inhibited at high [GSSG]/[GSH] ratios. We found that Trxs (cytosolic and mitochondrial) provide alternative pathways for deglutathionylation and GSSG reduction. These pathways are operative at high [GSSG]/ [GSH] and function in a complementary manner to the Grx domain-dependent one. Despite the existence of alternative pathways, the TR domains of TGR are an obligate electron route for both the Grx domain-and the Trx-dependent pathways. Overall, our results provide an explanation for the unique array of thioldependent redox pathways present in parasitic platyhelminths. Finally, we found that TGR is inhibited by NOC-7, giving further evidence for NO donation as a mechanism of action for oxadiazole N-oxide TGR inhibitors. Thus, NO donors aimed at TGR could disrupt the entire redox homeostasis of parasitic flatworms.
Introduction
Platyhelminths (also known as flatworms) cause severe human parasitic diseases, such as schistosomiasis, cysticercosis and hydatid disease. Parasitic platyhelminths share a unique biochemical scenario regarding thiol-based redox pathways (1) (2) (3) (4) . These organisms possess a linked thioredoxin-glutathione system which provides reducing equivalents to both the thioredoxin (Trx) and the glutathione (GSH) pathways. In contrast to their mammalian hosts, platyhelminth parasites lack thioredoxin reductase (TR) and glutathione reductase (GR), and hence conventional Trx and GSH systems. The distinctive feature of the redox array of platyhelminth parasites is that reduction of Trx and GSSG is carried out by a single selenoenzyme, termed thioredoxin glutathione reductase (TGR). Thus, these organisms have an absolute reliance on TGR for redox homeostasis and DNA synthesis. Furthermore, in parasitic flatworms, mitochondrial and cytosolic TGR variants are derived from a single gene and the encoded mature polypeptides are identical in sequence (3) .
TGR is a complex flavoenzyme that contains several thiol-based redox centers and composed of an N-terminal glutaredoxin (Grx) domain fused to canonical large TR domains (5) . In the platyhelminth parasite Echinococcus granulosus (class cestoda), the Grx domain has a dithiol CPYC redox center and the TR module contains a CX 4 C redox center and the conspicuous Cterminal motif GCUG, where U is the redox active amino acid selenocysteine (Sec) (1) . Detailed biochemical studies with sets of mutants of human and E. granulosus TGR have shown that: i) both oxidized Trx and oxidized glutathione (GSSG) reduction are dependent on the redox active carboxy-terminal Sec residue, and ii) reduction of GSSG, but not of oxidized Trx requires the Grx domain (6, 7) . In the case of E. granulosus and Taenia crassiceps (class cestoda) TGRs, it has also been shown that their GR activity, but not their TR activity, are inhibited at high concentration of oxidized glutathione (GSSG) (4, 6) . This phenomenon has been proposed to be due to glutathionylation of critical Cys residues (6) .
Evidence obtained in vitro and in vivo is consistent with an essential role of TGR for platyhelminth parasites. RNAi of S. mansoni TGR led to parasite death in vitro (8) . Auranofin, a drug that specifically targets TGR and inhibits both GSSG and Trx reduction, has been shown to kill platyhelminth parasites in vitro and partially cure S. mansoni infected mice in vivo (6, 8, 9) . The essentiality of TGR, the dissimilar biochemical scenarios between flatworm parasites and their mammalian hosts, and the need for novel drug to target flatworm infections, has led to identification, by quantitative high throughput screening, of new TGR inhibitors (10) . Further investigations in this field have confirmed N-oxides as new drug leads targeting TGR (11) .
Despite the essential functions of TGR in flatworm parasites and its importance as a novel drug target, there are several aspects relating TGR functions, catalytic mechanism, and regulation that have not yet been addressed or are poorly understood. Open questions that have driven our investigations are: i) whether TGR has additional activities associated with the Grx domain, such as deglutathionylase activity of GSH-protein mixed disulfides (protein-S-SG), or nitrosoglutathione (GSNO) reductase activity, ii) whether the activities mediated by the Grx domain occur via a dithiol or a monothiol mechanism, and iii) whether there are alternative pathways for GSSG reduction that operate at high GSSG concentrations. Regarding this latter issue, it is relevant to mention that in some GRless organisms such as Drosophila melanogaster, GSSG reduction is carried out by Trx, which in turn is recycled by TR (12) . This is also the case of Saccharomyces cerevisiae null mutants in GR, where the Trx system compensates for the lack of GR activity (13) . In this work we present two major findings. First, we demonstrate that TGR can support GSHindependent deglutathionylase activity. Second, we demonstrate the existence of Trx-dependent alternative pathways for GSSG reduction and deglutathionylation downstream of TGR. In addition, we show that a NO donor inhibits TGR, providing further support to the proposed mechanism of action of oxadiazole N-oxides (11) .
Experimental Procedures
Cloning, expression and purification of E. granulosus wild-type TGR, mutant TGRs and wild-type Trxs. Constructs for wild-type TGR (TGR wt ), a TGR mutant lacking the entire Nterminal Grx domain (Grx-less TGR), a TGR mutant truncated at the Sec 596 residue of the Cterminal redox center (truncated TGR) and for wild-type mitochondrial and cytosolic Trxs (mTrx and cTrx, respectively), were previously generated (6) . In this work, two TGR mutants at the N-terminal Grx domain were cloned: Cys 31 to Ser (TGR C31S ) and Cys 34 to Ser (TGR C34S ) mutants. Site-directed mutagenesis was carried out by overlap extension (14) . Pfu DNA polymerase (Fermentas) was used for PCRs, starting from a wild-type TGR construct template. All constructs for selenoproteins contained the Sec insertion sequence (SECIS) element of E. coli formate dehydrogenase H at a 10 nucleotide distance from the penultimate UGA Sec codon, to allow stop codon recoding to Sec, as previously described (6, 15) . The amplified products were first cloned into pGEM-T-Easy (Promega), and the construct sequences verified prior to subsequent subcloning into pET28a to obtain N-terminal His-tagged fusions (Novagen). For recombinant protein expression of TGRs the corresponding constructs were used to transform E. coli BL21(DE3) cells, or, in the case of selenoprotein constructs, BL21(DE3) cells previously transformed with pSUABC, a plasmid that supports high level expression of genes involved in Sec synthesis and decoding (selA, selB and selC) (15). Expression of all recombinant proteins was carried out following the protocol described in (16) , which has been optimized for expression of selenoproteins. Essentially, induction of recombinant proteins was carried out with 100 µM IPTG at late exponential phase (OD 600 =2.4), during 24 h at 24ºC. Recombinant clones were grown in modified LB as described in (17), supplemented with 0.1 g/l cysteine and 0.37 g/l methionine (18) , in the presence of kanamycin (50 µg/ml), and chloramphenicol (33 µg/ml); the latter was used only in the case of bacterial cultures harboring constructs encoding selenoproteins. At the time of induction the culture was supplemented with 5 µM sodium selenite, 20 µg/ml riboflavin, 20 µg/ml pyridoxine and 20 µg/ml niacin according to (17) . The bacterial cultures were centrifuged and the pellets resuspended in modified Ni-NTA lysis buffer (300 mM NaCl, 50 mM sodium phosphate, 20 mM imidazole, pH 7.2) containing 1 mM PMSF and 1 mg/ml lysozyme, and sonicated (10 pulses of 1 min with 1 min pauses). The lysates were centrifuged for 1 h at 30,000 g, and supernatants applied to a Ni-NTA column (Qiagen), washed with 300 mM NaCl, 50 mM sodium phosphate, 30 mM imidazole, pH 7.2, and eluted with 250 mM imidazole. The protein-containing fractions were applied to PD10 desalting columns (GE Healthcare) using phosphate-buffered saline (PBS), 150 mM potassium chloride, 50 mM sodium phosphate, pH 7. Recombinant protein expression and purification of Trxs was performed as previously described (6) . Fractions containing the recombinant proteins were stored at −70°C prior to use. Protein concentration was determined spectrophotometrically at 280 nm (=7.6 and 6.1 mM -1 cm -1 for cytosolic and mitochondrial Trx, respectively). The purity of the recombinant proteins was analyzed by running 15% SDS-PAGE gels under reducing conditions, and by size exclusion chromatography on a Superdex 75 column (GE Healthcare). The insulin reduction assay for Trx activity (19) was used as a TR-independent assay to verify these recombinant Trxs were active.
Deglutathionylation
assay. The deglutathionylase activity was evaluated using a modification of the method described in (20) . The NADPH-dependent reduction of the glutathionylated substrate peptide SQLWC(glutathione)LSN (Peptron Inc., South Korea), was followed by the decrease in absorbance at 340 nm due to NAPDH oxidation (ε=6200 M -1 cm -1 ). The reaction mixtures contained 100 µM NADPH and 40 µM glutathionylated peptide.
GSSG reduction assay. The GR activity was assayed as the NADPH-dependent reduction of oxidized glutathione (GSSG), which is followed by the decrease in absorbance at 340 nm due to NADPH oxidation (ε=6200 M -1 cm -1 ) (21). The reaction mixtures contained 100 µM NADPH and 40 µM or 1 mM GSSG.
Insulin Reduction Assay for TR Activity. The Trx-coupled assay of TR activity takes advantage of the NADPH-dependent reduction of Trx by TR, which is followed by the decrease in absorbance at 340 nm due to NADPH oxidation (ε=6200 M -1 cm -1 ). In this assay, excess of insulin is used as an electron sink to maintain a constant concentration of oxidized Trx (22, 23) . The reaction mixtures contained 100 µM NADPH, 0.5 mg/ml insulin, and 10 µM cTrx or mTrx.
GSNO reduction assay. GSNO was synthesized using a modification of the method described in (24) . Fresh GSNO stock solutions were prepared by allowing equimolar concentrations of GSH (200 mM in 50 mM potassium phosphate buffer, pH 7.4, 0.1 mM DTPA) and acidified sodium nitrite (200 mM in 50 mM HCl) to react for 5 min on ice in the dark, and then immediately used for the enzymatic assay. Fresh GSH and sodium nitrite solutions were prepared on the day of use. Final GSNO concentrations were calculated using an extinction coefficient of 770 mM -1 cm -1 at 336 nm. The GSNO reductase activity was evaluated using NADPH (100 µM) as electron donor by following the decrease in absorbance at 340 nm due to NAPDH oxidation (ε=6200 M -1 cm -1 ) and GSNO reduction. Different GSNO concentrations were used, ranging from 250 µM to 1 mM.
DTNB reduction assay for TR activity. The reduction of 5,5´-dithiobis (2-dinitrobenzoic acid) (DTNB) with concomitant NADPH oxidation was determined by the increase in absorbance at 412 nm due to the formation of 5´-thionitrobenzoic acid (TNB) (ε=13600 M -1 cm -1 ) (22). The reaction mixtures contained 100 M NADPH and 5 mM DTNB.
Assay for TGR inhibition by NO donors.
The effect of NOC-7 (1-Hydroxy-2-oxo-3-(N-3-methyl-aminopropyl)-3-methyl-1-triazene; Dojindo Laboratories, Japan) on the TR activity of TGR was evaluated using the DTNB reduction assay. A fresh 50 mM NOC-7 stock solution in 0.01 N NaOH was prepared. Reaction mixtures containing 1 nM TGR wt , 100 µM NADPH and different NOC-7 concentrations, were pre-incubated for 5 min at room temperature. The reaction was started by the addition of DTNB.
All enzymatic assays were carried out in 50 mM potassium phosphate buffer, pH 7.0 containing 1 mM EDTA, at 25ºC and 1 ml reaction volume, using a PG-T70+ (PG Instruments, UK) spectrophotometer. Analyses of the kinetic data were performed using the ORIGIN software (OriginLab).
Molecular modeling and conservation analysis.
Multiple sequence alignments were carried out with the standalone ClustalW (version 2.0.3) program. Visualization of alignments was done with JalView (version 2.3); details on the coloring schemes used are given in figure legends. For any given multiple alignment, the conservation for each aligned position was evaluated as previously described (25), and performed with JalView 2.0.3. The position specific conservation values obtained were then exported, processed for visualization purposes (i.e. normalized for the highest) and finally plotted to the model of E. granulosus Trx, with in-house Python v2.5 scripts. The output of the procedure is illustrated in Figure S2 . Homology modeling of E. granulosus Trx was made with Swiss-Model (http://swissmodel.expasy.org/), using the structure with PDB code 2OE1 as a template. The substrate, GSSG, was downloaded from the PDB repository (http://www.rcsb.org/pdb/home/home.do). The SP4 force field and the AMMP-mom method were employed to assign charges to GSSG and to minimize the structure. The substrate was analyzed in the intercalation site using a docking box of 20x20x20 Å centered on the approximate center of mass of the active site CXXC motif of E. granulosus Trx. Docking analysis were performed with the program ArgusLab (http://www.arguslab.com/), employing the GAdock docking engine, a genetic algorithm search technique, with the following parameters: population size 250, max generations 100000, mutation rate 0.02, grid resolution 0.2 Å, flexible ligand mode (other parameters were kept with default values).
In vitro culture of larval worms. 50,000 protoscoleces, obtained from asceptical punction of a single hydatid cyst from bovine lung, were washed several times with PBS and then incubated at 37°C, 5% CO 2 , in DMEM supplemented with antibiotics and 20 mM HEPES, pH 6.8. Cultured protoscoleces were treated with NOC-7 and NOC-12 (1-Hydroxy-2-oxo-3-(N-ethyl-2-aminoethyl)-3-ethyl-1-triazene; Dojindo Laboratories, Japan) at concentrations ranging from 50 µM to 5 mM or with the vehicle (NaOH 0.01 N). Protoscoleces were observed under the microscope and viability assessed by exclusion of the vital dye eosin over 4 days.
Results

TGR can support GSH-independent deglutathionylation of peptide-S-SG mixed disulfides via its Grx domain
We assayed deglutathionylase activity using a modification of a recently described method that uses the glutathionylated peptide SQLWC(glutathione)LSN as a substrate (see Experimental Procedures). We found that recombinant TGR (see Experimental Procedures for quality control and Se content of the recombinant enzymes) possesses deglutathionylase activity. In contrast, a TGR mutant truncated at the penultimate Sec residue of the carboxy-terminal redox center, and a Grxless TGR do not display deglutathionylase activity, indicating that both the C-terminal and the Grx redox centers are required for this catalysis (Figure 1) . These results clearly show that TGR can support GSH-independent deglutathionylation of peptide-S-SG mixed disulfides.
Deglutathionylase activity, like glutathione reductase activity, is inhibited at high [GSSG]/[GSH]
We have previously shown that the GR activity of TGR was inhibited at high [GSSG]/[GSH] ratios, exhibiting a hysteretic behavior (a lag phase in GSSG reduction), whereas the TR activity was not regulated (6) . Thus, we analyzed whether deglutathionylase activity, which is also dependent on the Grx domain, could be affected by the [GSSG]/[GSH] ratio. Indeed, we found that deglutathionylation was inhibited at high (1 mM), but not at low (40 µM) GSSG concentrations (Figure 2) . Under conditions of no hysteresis, TGR reduces GSSG more efficiently than the peptide-S-SG mixed disulfide.
Deglutathionylase and glutathione reductase activities of TGR proceed via a Grx monothiol mechanism
The redox active site of the Grx domain of TGR contains the C 31 PYC 34 redox center. To investigate whether the Grx domain-dependent activities require one or both Cys residues (i.e. if the mechanism is mono or dithiolic), we generated Cys to Ser mutants in the attacking (nucleophilic) Cys 31 and in the putative resolving Cys 34 (TGR C31S and TGR C34S ,  respectively) , and assayed their deglutathionylase and GR activities. The TGR C31S mutant had negligible deglutathionylase and GR activities when compared to wild-type TGR (Figure 3a and 3b) . In contrast, both the deglutathionylase and GR activities of the TGR C34S mutant were only slightly lower, indicating that Cys 34 does not significantly contribute to these activities (Figure 3a and  3b) . These results indicate that the mechanism is primarily monothiolic. The fact that the truncated TGR mutant lacking Sec does not possess activity indicates that the Cys 31 glutathionylated intermediate is reduced by the Sec residue of the C-terminal redox center. Unexpectedly, the typical hysteretic behavior of GR activity for the wild-type enzyme was significantly attenuated in the TGR C34S mutant (Figure 3c) . This implicates the Cys 34 residue in the observed hysteretic phenomenon. It also reveals that the molecular basis underlying hysteresis is more complex than what has been anticipated (6).
Cytosolic and mitochondrial Trxs can reduce GSSG at high [GSSG]/[GSH]
Since TGR cannot reduce GSSG at high GSSG concentrations, we addressed whether there are alternative pathways for GSSG reduction operative under these conditions. Thus, we tested whether E. granulosus Trxs can effectively reduce GSSG under conditions at which the Grx domain of TGR is inhibited (i.e. under hysteresis). For this purpose, we used the TGR C31S mutant (able to reduce Trxs, but devoid of GR activity), in combination with cytosolic and mitochondrial Trxs at 1 mM GSSG. Both Trxs were able to reduce GSSG in the presence of NADPH (Figure 4a) . However, at low GSSG concentrations, reduction of GSSG by Trxs was not as efficient as at high GSSG concentrations. Besides, GR activity at low substrate concentration was more efficient through the Grx domain of TGR than via Trxs (Figure 4b ). These results demonstrate that: i) Trxs can accept reducing equivalents from the TR domains of TGR and shuttle them to GSSG, ii) the existence of two alternative and complementary pathways for GSSG reduction in both mitochondria and cytosol; while the route via the Grx domain of TGR is operative at low GSSG concentrations, the one via Trxs is operative at high GSSG concentrations.
Cytosolic and mitochondrial Trxs can deglutathionylate peptide-S-SG mixed disulfides
We next addressed whether E. granulosus Trxs provide an additional route for reduction of mixed disulfides as well. For this purpose, we used TGR C31S mutant (able to reduce Trxs, but devoid of deglutathionylase activity) in combination with cytosolic and mitochondrial Trxs. The results are presented in Figure 5 . Both Trxs were able to reduce the peptide-S-SG mixed disulfide in the presence of NADPH, revealing the existence of pathways for deglutathionylation that are not dependent on the Grx domain of TGR. These Trx-dependent routes for deglutathionylation would be particularly relevant at high GSSG concentrations, since TGR is unable to deglutathionylate mixed disulfides under these conditions (see Figure 2) . Given that Trxs offer a rescue pathway for GSSG reduction (see Figure 4a ) and that they also reduce glutathionylated peptides, our results indicate that, in all likelihood, Trxs also constitute a rescue pathway for deglutathionylation at high GSSG concentrations.
Docking and sequence analysis of Trxs suggests that mitochondrial and cytosolic Trxs reduce GSSG in a similar manner
Some cytosolic Trxs are known to reduce GSSG (e.g. those form D. melanogaster, Plasmodium falciparum, S. cerevisiae and Homo sapiens), but no information is available on mitochondrial isoforms, except for E. granulosus (this work). We performed a multiple sequence analysis including several cytosolic and mitochondrial Trxs from different species. Conserved residues, including those known to be Trx signatures, were identified in all proteins, and overall, no obvious differences between mitochondrial and cytosolic Trxs could be observed ( Figure S1) . Furthermore, when looking at the structural level we found that the most consistently conserved region is around the active site ( Figure S2A) . This region plays a crucial role in the recognition and reduction of protein disulfides substrates. GSSG and glutathionylated peptides are probably recognized and reduced in a similar manner to other thioredoxin disulphide substrates. Preliminary docking analysis conducted on cytosolic E. granulosus Trx supports this hypothesis: an energetically favored docking site for GSSG is superimposable with the highly conserved active site region (compare Figure S2A and S2B) . This, together with the conservation of most active site features (i.e. primary, secondary and tertiary structure) among mitochondrial and cytosolic Trxs, would suggest these oxidoreductases share the ability to reduce GSSG.
Furthermore, a recent study demonstrated that only a few residues of S. cerevisiae Trx (pdb code 3f3r) are involved in GSH stabilization, and only one of them (Met 72, numbering of 3f3r) is involved in H-bond interactions with GSH. Mutations in this position introducing positively charged residues increase the stability of the GS-Trx complex, lowering the turn-over rate for GSSG reduction (26) . Interestingly, this position is well conserved in both cytosolic and mitochondrial Trxs (Met, in most cases, or similarly sized hydrophobic residues, Figure S1 ). The other conserved positions are located in the structural core of the protein and far from the reaction center (Figure S2A) , where they are involved in structural stabilization of the Trx fold (27) .
The linked Trx-GSH system does not efficiently reduce nitrosoglutathione
Since GSNO has also been shown to be a substrate for the Trx system (28,29), we investigated whether the E. granulosus linked Trx-GSH system could play a role in nitrosothiol reduction. We found that TGR catalyzed the NADPH-dependent GSNO reduction, but not efficiently: a moderate activity was only observed at high substrate and enzyme concentrations ( Figure 6A ). This activity was dependent on the Grx domain. Similarly to what was observed for TGR, neither cytosolic nor mitochondrial Trxs supported efficient reduction of GSNO ( Figure 6B) . GSNO has also been reported to be an inhibitor of GR (30) . We analyzed whether TGR is inhibited by GSNO and found that the GR activity of TGR (an activity that requires all redox centers to be functionally active) was not affected by this compound (Figure 6C) . Likewise, Trx activity was not inhibited by GSNO (data not shown).
NO donors inhibit TGR
It has been hypothesized that oxadiazole 2-oxides, the recently identified TGR inhibitors and drug leaders against schistosomiasis, may exert its inhibitory effect through NO release (11) . In this work we assayed the effect of NO donors on the TR activity of E. granulosus TGR. NOC-7 was used as a NO-donor (half-life 10 min at 22ºC) in a range of concentrations between 10 µM and 100 µM in the enzymatic assay. A linear dose-dependent inhibition was observed and complete inactivation was achieved at 100 µM NOC-7 (Figure 7) .
Parasites in vitro tolerate high concentrations of NO
After observing an inhibitory effect of NO on TR activity of TGR, we assayed the effect of NO donors on E. granulosus larval worms in vitro. Nonoates were used in a concentration range from 50 µM to 5 mM (NOC-7 as a fast donor and NOC-12 as a slow donor) (see Experimental Procedures). No effect was observed with NOC-7 or NOC-12 up to 1 mM concentration. With NOC-7 a significant percentage (30%) of larval worms were killed at 2.5 mM and 100% at 5 mM. Since NO can passively diffuse through membranes, the results indicate that larval worms can tolerate high NO concentrations.
Discussion
In parasitic flatworms, TGR is the key enzyme for reduction of both GSSG and Trx. TGR has also been shown to reduce mixed disulfides using 2-hydroxyethyl mercaptan-glutathione (HED assay) as an artificial substrate. Here, we show that TGR is also able to reduce physiological glutathionylated substrates. This deglutathionylase activity, like GR activity, depends on the Grx domain. The mechanism for both Grx domain-dependent activities of TGR is monothiolic, as observed for the deglutahionylation activity in conventional Grxs. Figure 8 schematically Given that the mechanism for these activities is monothiolic and that the Cys 34 mutant displays an attenuated hysteretic behavior, the need for conserving both cysteines in the Grx domain is intriguing. This may reflect either an important role of Cys 34 in other functions, such as protein disulfide reduction, and/or selective pressure to avoid an unpaired cysteine thereby protecting Cys 31 from oxidative damage. Similar arguments have been proposed for other Grxs with paired cysteines at their active sites, even if the second cysteine has been shown to be detrimental for the Grx activity when compared to the Ser mutant (20) .
Both Grx-dependent activities (GR and deglutathionylase) are inhibited at high [GSSG]/[GSH] ratios. In this work we show the existence of alternative pathways for GSSG reduction and deglutathionylation involving Trxs and the TR domains of TGR. Interestingly, these Trx-dependent pathways are operative at high [GSSG]/[GSH] ratios and would therefore function as a backup. Furthermore, the pathways depending on the Grx domain of TGR and the ones through Trxs have markedly different efficiencies for GSSG reduction, depending on [GSSG] . The Trx-dependent pathways work optimally at high [GSSG] , but are inefficient at low [GSSG] , and vice versa for the Grx domaindependent ones. Taken together these results indicate that alternative and complementary pathways for deglutathionylation and GSSG reduction operate in this parasite, depending on [GSSG]/[GSH] ratios, as depicted in Figure 9 . Alternative pathways via Trxs have been described as back up routes for GSSG reduction in some organisms (12, 13, 31) . Our results and those obtained for Saccharomyces cerevisiae Trxs (32) support the idea that Trxs are also relevant as backup for Grxs deglutathionylase activity. It is important to note that, even though alternative routes for GSSG reduction and deglutathionylation exist, the TR domains are the common node to all of them, reinforcing the concept that the whole redox wiring relies on selenium.
To our knowledge, mitochondrial Trxs have not been reported as capable of reducing GSSG. This may simply reflect that GSSG reduction by mitochondrial Trxs has not been studied yet. The comparison of mitochondrial and cytosolic Trxs carried out in this work suggests that this may well be the case. Most likely, the ability of Trxs to reduce GSSG and glutathionylated peptides would be due to its general protein disulfide reductase activity, rather than to specific recognition of the glutathione moiety as in Grxs (33, 34) . Recently, the structure of S. mansoni TGR in complex with GSH was solved by X-ray crystallography (35) . This study found that GSH was bound to TGR at the Grx domain. The GSH pocket is composed of three segments of the polypeptide chain, each capable of binding noncovalently one of the three residues of GSH. Amino acids D84-Q86 (numbering corresponds to S. mansoni TGR) contour the γ-glutamyl moiety, amino acids T71 and V72 orient the sulfur atom towards the Grx domain active site and K25 and Q60, bind the glycine moiety. These are key residues that define the GSHbinding groove in Grxs (33, (36) (37) (38) (39) and are also conserved in TGRs (supplemental Figure S3) ; however some differences are also observed, which may confer subtle biochemical differences.
Besides glutathionylation, thiols are subject to modification by nitrosylation, affecting protein function (28) . Trxs have been described as one of the thiol denitrosylases, and at the same time they have been shown to be inhibited by nitrosylation. We could only detect a marginal GSNO reductase activity by TGR-dependent pathways, but neither TGR nor Trxs were inhibited by GSNO.
TGR has been shown to be a promising drug target for flatworm infections. Recently, it has been proposed that oxadiazole 2-oxides, identified as potent inhibitors of TGR, exert their action through TGR-triggered NO release (11) . Therefore, we studied the effect of well-known NO donors on TGR and found that it was susceptible to inhibition by NO donor concentrations in the upper micromolar range (100 ). Effective oxadiazole 2-oxides operate in the low micromolar range (10 M) (10) . Considering that the drug scaffold may allow significant NO concentrations to be achieved on TGR, our results are consistent with the proposed inhibition mechanism. As for S. mansoni, E. granulosus in vitro-cultured larval worms were resistant to NO donor concentration up to 1 mM. This suggests that, while parasites are well-shielded against NO, NO releasing prodrugs that can reach sufficient intracellular concentration and able to fit into the TGR active site, can lead to parasite death. In addition, our results highlight that oxadiazole 2-oxides may serve as drug leads not only for Schistosomiasis but also for other flatworm infections. The deglutathionylase activity of TGR wt () was compared to that of cTrx () and mTrx () at 40 µM peptideS-SG. TGR C31S , devoid of deglutathionylase activity, was used to regenerate the reduced forms of cTrx and mTrx. Time courses for NADPH oxidation (A 340 decrease) are shown. The reaction mixtures contained 100 µM NADPH, 2 nM TGR wt or TGR C31S , and 10 µM cTrx or mTrx. Note that the overall NADPH oxidation (A 340 decrease) corresponds to the consumption of 40 µM peptideS-SG which is the limiting substrate.
FIGURE 6. GSNO reduction by TGR and Trxs.
A, the ability of TGR wt and Grx-less TGR to reduce GSNO was tested using NADPH as an electron donor, and following NADPH oxidation (A 340 decrease). For TGR wt different GSNO and enzyme concentrations were assayed: 2 nM TGR wt and 250 µM (), 500 µM () and 1 mM () GSNO concentrations, and 40 nM TGR wt and 500 µM GSNO (). For Grx-less TGR 2 nM enzyme and 500 µM GSNO were used (). A reaction mixture without enzyme and containing 500 µM GSNO was run for comparison (). The initial NADPH concentration was 100 µM in all cases. Note that, as both reduced NADPH and GSNO contribute to A 340 , initial absorbance values vary according to GSNO concentrations. A marginal GSNO reduction activity is observed only at high TGR wt . B, TGR wt at 2 nM (), and Grx-less TGR (2 nM) plus 10 µM cTrx () or 10 µM mTrx () were compared for GSNO reduction at 500 µM GSNO and 100 µM NADPH. No significant activity was found for either Trx. C, the effect of GSNO addition on GR activity of TGR wt was studied by comparing the time courses for NADPH oxidation (A 340 decrease) by wild-type TGR (5 nM) with GSSG 100 µM in the absence () or presence () of 500 µM GSNO. The time-course of TGR wt (5 nM) at 1 mM GSSG is included as a control of an inhibited TGR (). The results indicated that at the conditions assayed TGR is not inhibited by GSNO. Note that the differences in initial absorbance values for the reaction mixtures containing different GSNO concentrations are due to GSNO's contribution to A 340 .
FIGURE 7. Effect of NO donors on TR activity of TGR.
The effect of NOC-7 on the TR activity of TGR wt was evaluated using the DTNB reduction assay. The assay was carried out at 5 mM DTNB, 100 µM NADPH and 1 nM TGR wt . The corresponding reaction mixtures without DTNB were pre-incubated for 5 min at room temperature and the reaction was started by the addition of DTNB. The plot of the residual activity, calculated from the initial velocities under each condition (mean of duplicate experiments), versus NOC-7 concentration, is shown. FIGURE 8. TGR deglutathionylase and glutathione reductase activities occur by a GSHindependent monothiol mechanism. The attacking Cys residue (C 31 ) of the Grx redox active center of TGR initiates the mechanism, attacking the GSSG or PrS-SG disulfide, forming glutathionylated Grx intermediate and releasing GSH or PrSH. The intermediate is resolved by the nucleophilic attack of the selenolate at the carboxy-terminal redox active center of TGR or TR domains, releasing GSH, and forming a selenenylsulfide intermediate between both redox centers; then, the resolving Cys (C 34 ) of the carboxy-terminal redox center attacks this selenenylsulfide forming a carboxy-terminal selenenylsulfide, releasing the Grx domain in its reduced form. Finally, the carboxy-terminal selenenylsulfide is reduced by NADPH in a similar manner as in conventional TRs. FIGURE 9. Alternative and complementary pathways for glutathione reductase and deglutathionylase activities in E. granulosus. A, At low GSSG concentrations proteinS-SG mixed disulfides (PrS-SG) and GSSG are efficiently reduced by TGR, via its "in-built" Grx domain that receives electrons from the TR domains. B, At high GSSG concentrations the Grx domain is inhibited, and cytosolic and mitochondrial Trxs provide a rescue pathway for GSSG and PrS-SG mixed disulfides reduction. 
